Abstract Castration-resistant prostate cancer (CRPC) is an androgen receptor (AR)-dependent disease expected to cause the death of more than 27,000 Americans in 2015. There are only a few available treatments for CRPC, making the discovery of new drugs an urgent need. We report that CUDC-101 (an inhibitor od HER2/NEU, EGFR and HDAC) inhibits both the full length AR (flAR) and the AR variant AR-V7. This observation prompted experiments to discover which of the known activities of CUDC-101 is responsible for the inhibition of flAR/AR-V7 signaling. We used pharmacologic and genetic approaches, and found that the effect of CUDC-101 on flAR and AR-V7 was duplicated only by other HDAC inhibitors, or by silencing the HDAC isoforms HDAC5 and HDAC10. We observed that CUDC-101 treatment or AR-V7 silencing by RNAi equally reduced transcription of the
Introduction
Castration-resistant prostate cancer (CRPC) arises after patients with prostate cancer (PCa) fail androgen deprivation therapy (ADT) [1] . The most sensitive biochemical sign of CRPC relapse is an increase of the AR-dependent protein, prostate specific antigen (PSA). This event indicated that AR is still signaling despite patients receiving ADT usually have anorchid levels of serum androgens [2] [3] [4] . Secondgeneration ADT treatments to block AR activity in CRPC have been approved by the FDA and include the CYP17A1 inhibitor abiraterone acetate (AA) [5] and the AR antagonist enzalutamide [6] . Although yielding an average increase in Huiying Sun, Sanjay N. Mediwala and Adam T. Szafran contributed equally to this work.
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life of a few months, AA and enzalutamide are limited in effect, as some patients manifest de novo resistance, while others relapse within a short period of time [7] [8] [9] . According to a number of recent reports [10, 11] , the accumulation in the recurring tumor of the carboxyl terminal truncated and constitutively active AR variant (AR-V), AR-V7 [12] [13] [14] [15] [16] [17] is an important contributor to resistance to second generation ADT. In a parallel project, we embarked on a small library screen of FDA approved drugs to establish classes of bioactive molecules that inhibit AR and AR-V7 signaling, and thus may be useful to treat CRPC [18] . One class of compounds identified with this approach (manuscript in preparation) consisted of histone deacetylase inhibitors (HDACi), which lead to testing commercially available agents with the same mechanism of action. Using this approach, we found that CUDC-101 (a commercially available combined HDAC, EGFR, and HER2/Neu inhibitor) [19] is a strong inhibitor of flAR and AR-V7. Herewith, we describe the mechanism CUDC-101 uses to inhibit flAR (full-length AR) and AR-V7 activity, and in vivo experiments showing that this compound prevents growth of CRPC xenografts in SCID mice.
Material and Methods

Cell Lines
LNCaP [20] , PC-3 [21] , HeLa [22] , VCaP [23] , and 22Rv1 [24] cells were purchased from ATCC (Rockville, MD). C4-2 cells [25] were purchased from UroCor (Oklahoma City, OK). LAPC4 cells were obtained from Dr. C. Sawyers and CWR-R1 from Dr. S. Dehm [26] . LNCaP AR-V7/pLenti (a gift of Dr. Nancy Weigel) were generated as previously reported [27, 28] . In addition to flAR containing the T877A mutation, LNCaP AR-V7/pLenti express AR-V7 upon addition of 0.25 ng/mL doxycycline for 24 h. Stably transfected PC-3-GFP-AR-V7 [29] , HELA-GFP-wtAR [30] , and PC-3-GFPwtAR [31] were generated as previously described and express constitutively GFP-wtAR or GFP-AR-V7 under the control of the CMV promoter. Cell lines were cultured in 5 % CO 2 at 37°C using RPMI 1640 + 10 % FBS.
Cell lines were chosen based on the fact that they express AR's containing the wild-type sequence (LAPC4, VCaP, HELA-GFP-wtAR, and PC-3-GFP-wtAR), the full-length sequence with point mutations (LNCaP [32] , C4-2 [32] , 22Rv1 [33] , LNCaP AR-V7/pLenti [32] , and CWR-R1) or the AR variant AR-V7 (22Rv1, PC-3-GFP-AR-V7, CWR-R1, and LNCaP
AR-V7/pLenti
). Some of the cell lines are known to express more than one form of AR; for instance, 22Rv1 cells express full-length (fl)AR containing mutation H784Y [34] and a duplication of exon 3 [35] , AR-V7 [14] and AR-V4 [36] . CWR-R1 cells express both flAR [containing the H874Y mutation [33] and AR-V7 [14] . In this manuscript, AR's containing the wild-type sequence or point mutations were abbreviated as flAR.
Reagents
HDAC inhibitors (HDACi) CUDC-101 [19] , pracinostat [37] , MGCD0103 [38] , MC1568 [39] , and PCI-34051 [40] were purchased from Selleck Chemicals. The specific inhibitors of EGFR and HER2/NEU, Gefitinib [41] , and CP-724714 [42] , were also purchased from Selleck. Sodium butyrate [43] was purchased from Sigma Aldrich. All HDACi were used at published IC 50 . Gefitinib and CP-724714 were used at a range of concentrations (108-540 nM and 108-864 nM, respectively).
In the experiments determining IC 50 , dose response and time course activity against AR-V7 and flAR activity (Fig. 1) , CUDC-101 was used between 0.3 nM to 1 μM from 3 to 24 h. It was used at a concentration of 300 nM for 6 or 24 h in the remaining experiments, unless stated otherwise. All reagents were dissolved in DMSO, except DHT, which was dissolved in ethanol.
Cell Line-Based Experiments
In the experiments performed with the LNCaP AR-V7/pLenti line, cells were seeded and grown in charcoal stripped-FBS (CS-FBS). After 24 h, Doxycycline (Dox) was added at 0.25 ng/ml to induce AR-V7 expression. When testing AR-V7 activity, CUDC-101 was added after 24 h of Dox stimulation at different concentrations and for different amounts of time, as indicated in the main text and legends. When testing flAR activity, 2 nM DHT, or 2 nM DHT + CUDC-101 were added simultaneously. CUDC-101 was administered at different concentrations and length of time depending on the experimental conditions, as indicated in the main text and legends. Inhibition of AR-V7 transcriptional activity was calculated as the % inhibition of luciferase or PSA mRNA expression in CUDC-101-treated cells compared with vehicle control. Inhibition of flAR activity was calculated as the % inhibition of luciferase or PSA mRNA expression in DHT + CUDC-101-treated cells compared with DHT alone.
All other cell lines were seeded and grown in CS-FBS for 24 h. When testing the activity of AR-V7, cells were treated with vehicle or CUDC-101, other HDAC inhibitors (HDACi) (pracinostat, MGCD0103, MC1568, or PCI-34051), or inhibitors of EGFR or HER2/Neu (Gefitinib and CP724714, respectively) at different concentrations and length of time depending on the experimental conditions, as indicated in the main text and legends. When testing the activity of flAR, cells were seeded and grown in CS-FBS. After 24 h 2 nM DHT was added alone or together with CUDC-101, other HDAC inhibitors (HDACi) (pracinostat, MGCD0103, MC1568, or PCI-34051), or inhibitors of EGFR or HER2/Neu (Gefitinib and CP724714, respectively) at different concentrations and length of time depending on the experimental conditions, as indicated in the main text and legends. Inhibition of AR-V7 transcriptional activity was calculated as the % inhibition of luciferase or PSA mRNA expression in CUDC-101-treated cells compared with vehicle control. Inhibition of flAR activity was calculated as the % inhibition of luciferase or PSA mRNA expression in DHT and CUDC-101-treated cells compared with DHT.
In the experiment testing AR and AR-V7 protein stability (Supplemental Fig. S5a ), 22Rv1 cells were seeded in CS-FBS. After 24 h, cells were treated with cycloheximide (10 μg/mL) or cycloheximide (10 μg/mL) + CUDC-101 (300 nM) for 0, 3, 6 and 24 h. At the end of the experiment, cells were harvested and used for immunoblot analysis of flAR, AR-V7, and β-actin.
In the experiments testing if CUDC-101 decreases transcription of AR-dependent genes by directly interfering with AR transcription (Supplemental Fig. S5c ), PC-3-GFP-AR-V7 were transfected with ARR 2 PB-Luc and grown in CS-FBS. After 24 h, cells were treated with CUDC-101 (300 nM) for 0, 6, 24 h. At the end of the experiment, aliquots of cells were used to determine luciferase activity and protein expression of GFP-AR-V7 and β-actin.
All experiments were done in triplicate and a minimum of three times.
Western Blotting
Cells were lysed in TESH buffer [10 Experiments were done in triplicate a minimum of three times NaCl using three rounds of freeze/thaw; 30 μg of protein were resolved on a 6.5 % SDS gel. Proteins were detected using ECL reagents and antibodies raised against HDAC1 (sc-7872, rabbit polyclonal, used at 1:200), HDAC5 (sc-133225, monoclonal, used at 1:100), HDAC6 (sc-11420, rabbit polyclonal, used at 1:200), HDAC7 (sc-74563, monoclonal, used at 1:250), HDAC8 (sc11405, rabbit polyclonal, used at 1:200), HDAC9 (sc 28732, rabbit polyclonal, used at 1:100), and HDAC10 (sc134995, rabbit polyclonal, used at 1:200) all from Santa Cruz (Santa Cruz, CA), AR [monoclonal anti AR antibody (AR441), used at 1:1000] [44] (a gift of Nancy Weigel, Baylor College of Medicine) and β-actin [rabbit polyclonal antibody from Sigma-Aldrich (A-2066) (used at 1:250)]. Phospho-HER2/ErbB2 (Tyr1248) Antibody #2247 (used at 1:1000) and HER2/ErbB2 Ab #2165 (used at 1:1000) were from Life Technologies. Phospho-EGF Receptor (Tyr1068) Ab # 3777 (used at 1:1000) and EGF Receptor Antibody #2232 (used at 1:1000) were from Life Technologies.
Quantitative PCR
qPCR was performed in triplicate and a minimum of three times as described previously [29] , using 18S as calibrator gene.
RNAi Silencing
Each siRNA was purchased from Applied Biosystem and transfected using siPORT™ NeoFX™ following the protocol recommended by the manufacturer. Briefly, cells were trypsinized and resuspended in medium containing 4 % CS-FBS. 7.5 μl siRNA (5 μM) was incubated with transfection reagents at room temperature. The mixture was added to a sixwell plate and overlaid with 2 × 10 5 cells per well. After 48 h, cells were used to perform the experiment of interest (as outlined in the main text). At the end of the experiment, one aliquot was used to determine the effect of treatment of flAR or AR-V7 transcriptional activity, the second aliquot was used to verify successful silencing of the gene of interest by immunoblot analysis.
Cell Viability Assay
Cell viability was measured using the CCK-8 kit (Dojindo, Rockville MD) as per manufacturer instructions.
ChIP Analysis
In the experiment shown in Fig. 5a , 22Rv1 cells were transfected with siRNAs to silence flAR or with scrambled siRNA. Cells were then starved for 24 h in CS-FBS, treated for 6 h with CUDC101 (300 nM) and harvested.
In experiment 5b, 22Rv1 cells were starved in CS-FBS medium. After 24 h cells were treated for 6 h with CUDC101 (300 nM) and harvested.
In experiment 5c, 22Rv1 cells were transfected with siRNAs to silence HDAC5 or with scrambled siRNA. Cells were then starved for 24 h in CS-FBS, treated for 6 h with CUDC101 (300 nM) and harvested. Aliquots were used to demonstrate silencing of flAR (Fig. 5a ) or HDAC5 (Fig. 5c ) and for ChIP analysis. ChIP was performed as previously described [45] with minor modifications. Briefly, after culture medium removal from each dish, 1 % molecular biologygrade formaldehyde (Sigma-Aldrich) was added to the cells for 10 min at room temperature to cross-link protein complexes to DNA. Cells were pelleted and then lysed with RIPA buffer. Chromatin was sheared by sonication to less than 1 kb fragments. The soluble chromatin fraction was collected after centrifugation at 12,000 g for 5 min. Following precleaning steps, 10 % of the supernatant was allocated as input for normalization. Equivalent amounts were subjected to antibodies for AR-N20, p-300, SRC-1 or Pol-II or normal rabbit IgG that served as a negative control. After incubation at 4°C ON, antibodies were precipitated by adding protein A/G beads and agitated for 3 h at 4°C. The pellet was collected and subjected to washing buffers. DNA was extracted from the beads, purified and eluted using a PCR purification kit (Qiagen), followed by quantitative real-time PCR as described above. Antibodies for AR, RNA polymerase II, p300, SRC-1, and rabbit and mouse immunoglobulin G (IgG) were all purchased from Santa Cruz. Data were normalized to total input DNA to calculate the percentage of input.
Primer sets for PSA and AR enhancer are listed below:
Calculation of CUDC-101 IC 50 Relative luciferase activity generated by plasmid ARR 2 PBluciferase [46] was used to determine the IC 50 of CUDC-101 against AR-V7 transcriptional activity. LNCaP Dox cells were transiently transfected with plasmid ARR 2 -PB-Luc and treated with 0.25 ng/ml doxycycline. After 24 h CUDC-101 was added at concentrations ranging from 0 to 1000 nM for 24 h. Cells were harvested. Percentage inhibition of relative luciferase activity was calculated in the presence of CUDC-101 and the results were applied to fit an antagonist curve using GraphPad Prism 5.0 (Fig. 1a) , which yielded an IC 50 of 88 nM. CUDC-101 was used at a final concentration of 300 nM in most of the subsequent experiments based on the calculated IC 50 and on the results of the experiments shown in Fig. 1c, d .
Xenograft Experiments
This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Baylor College of Medicine Institutional Animal Care and Use Committee (protocol AN-6250). All surgery was performed under sodium pentobarbital anesthesia, and all efforts were made to minimize suffering. 2 × 10 5 22Rv1 cells natively expressing both wtAR and AR-V7 were mixed at a 1:1 volume ratio with Matrigel (BD Biosciences) and injected into the right flank of 16 male SCID mice. After 5 days, mice were castrated, and examined every 3 days for the occurrence of palpable sc xenografts. Xenograft-bearing animals were randomized to a control group (treated with IP injections of 50 μl of DMSO every 24 h) and a group receiving CUDC-101 (40 mg/Kg) in 50 μl of DMSO. We planned to carry on the experiment for four weeks, however by the second week many tumors in the control group had grown beyond 10 % of the baseline body weight, and, as per IRB specifications, the experiment had to be terminated earlier at 14 days. Tumor size was measured with a caliper using the equation m1.2 × m2 × 0.5236 (where m1 and m2 are the smallest and largest diameters) [47] . Mice were weighed at the beginning and end of the experiment. Upon sacrifice, a macroscopic autopsy was performed to rule out presence of visible abnormalities. Data were expressed as percent change from baseline; unpaired t test was used for statistical analysis with significance set at a P < 0.05.
Statistical Analysis
Each experiment was performed in triplicate and repeated a minimum of three times. One-way ANOVA was used for statistical analysis. Statistical analysis comparing xenografts was performed using an unpaired t test.
Results
CUDC 101 Inhibits AR-V7 in LNCaP AR-V7/pLenti
In a parallel project, we embarked on a small library screen of FDA-approved drugs to establish classes of bioactive molecules inhibiting AR signaling, which may be useful to treat CRPC [18] . Enrichment analysis of active compounds showed that histone deacetylase inhibitors (HDACi) were most active (manuscript in preparation). This led to testing commercially available agents with the same mechanism of action, including CUDC-101, a commercially available inhibitor of HDAC, HER2/NEU, and EGFR [19] . CUDC-101 was found to be a strong inhibitor of AR-V7 activity in LNCaP AR-V7/pLenti cells (Fig. 1a, b) transiently transfected with plasmid ARR 2 PB. The experiment shows that treatment with doxycycline strongly induced AR-V7 expression (Fig. 1b) , and that CUDC-101 inhibited AR-V7-dependent activation of the ARR 2 PB-luc reporter in a dose-dependent manner (Fig. 1a) . The half maximal inhibitory concentration (IC 50 ) was calculated at 88 nM.
CUDC-101 Inhibits AR-V7 and flAR Activity in 22Rv1 Cells: Dose Response and Time Course Experiments 22Rv1 cells were used in dose-response and time-course experiments (Fig. 1c, e) to study AR-V7 or flAR inhibition by comparing PSA mRNA expression in response to vehicle vs. CUDC-101 or DHT vs. DHT + CUDC-101, respectively. In dose-response experiments cells were grown for 24 h in CS-FBS and then treated with vehicle ± concentrations of CUDC-101 ranging between 0 and 3 μM (black bars), or 2 nM DHT ± concentrations of CUDC-101 ranging from 0 to 3 μM (gray bars) for 24 h (Fig. 1c) . In time-course experiments, cells were grown in CS-FBS for 24 h and then treated with vehicle ± 300 nM CUDC-101 (black bars) or 2 nM DHT ± 300 nM CUDC-101 (gray bars) for 0, 3, 6 and 24 h (Fig. 1d) . CUDC-101 ≥ 30 nM significantly inhibited constitutive AR-V7 and DHT-induced flAR transcriptional activity (Fig. 1c) ; 300 nM of CUDC-101 significantly inhibited constitutive AR-V7 and DHT-induced flAR transcriptional activity after ≥6 h of treatment (Fig. 1d) . Figure 1e , f are western blots performed with aliquots of 22Rv1 cells treated with DHT + CUDC shown in Fig. 1c, d , respectively. They show that flAR and AR-V7 protein expression was decreased after exposure to CUDC-101 ≥ 300 nM for 24 h. Figure 1c , e demonstrated that the lowest effective concentration of CUDC-101 inhibiting transcriptional activity, i.e., 30 nM, was not paralleled by simultaneous inhibition of AR-V7 and flAR protein expression (Fig. 1e) .
CUDC101 Inhibits AR Signaling Without Decreasing Cell Viability
It was important to demonstrate that CUDC-101 inhibited AR signaling without affecting cell viability. At this purpose, the experiment of Supplemental Fig. S1a, b shows that viability was the same as at baseline after 24 h of CUDC-101 in LNCaP AR-V7/pLenti and 22Rv1 cells, however CUDC-101 significantly slowed cell proliferation compared to controls. That CUDC-101 does not induce systemic cellular toxicity was also inferred by unchanged levels of the calibrator mRNA 18s and housekeeping protein β-actin in every qPCR or western analysis performed, and by lack of necroscopic abnormalities in mice receiving CUDC-101 for 15 days.
Based on the experiments of Fig. 1 and Supplemental  Fig. S1 , CUDC-101 was used at 300 nM in every remaining experiment because this concentration strongly inhibited AR-V7 and flAR activity (Fig. 1a, c, d ), and did not affect cell viability (Supplemental Fig. S1 ). The AR forms expressed in these cell lines include flAR with wild type sequence in LAPC, VCaP, and PC3-GFP-AR, flAR with point mutations T877A in LNCaP and C4-2 cells [48] and H874Y in 22Rv1 and CWR1 cells [33] , or the AR variant AR-V7 (22Rv1, CWR1, PC-3-GFP-AR-V7, and LNCaP AR-V7/pLenti ). Thus, these experiments suggested that CUDC-101 is a pan AR inhibitor.
CUDC-101 is a
CUDC-101 Inhibits AR-V7 and flAR by Inhibiting HDAC Signaling
We dissected the three known inhibitory functions of CUDC-101 and determined how AR-V7 (in 22Rv1 cells) and flAR (in LNCaP cells) responded to specific inhibitors of EGFR (Gefitinib), Her-2/Neu (CP-724714) or of various HDAC isoforms (Fig. 2) . Figure 2g shows that the lowest concentrations of the EGFR and Her-2/Neu inhibitors used to test flAR/AR-V7 activity in Fig. 2a were inhibiting EGFR and Her2/Neu signaling. Of the tested compounds, only the pan HDACi, CUDC-101 ( Fig. 2c lane 2, Fig. 2d, e lanes 3) , or the class II (i.e., HDAC 4, 5, 6, 7, 9 and 10) HDACi, MC1568 (Fig. 2c  lane 4, Fig. 2d and e lanes 7) , inhibited AR-V7 and flAR activities. In contrast Gefitinib and CP-724714 were ineffective (Fig. 2a, d , e lanes 4 and 5), while class I (i.e., HDAC 1, 2, 3) and IV (i.e., HDAC 11) HDAC inhibitor MGCD0103 induced AR-V7 (Fig. 2c lane 3) and had no effect on flAR activity (Fig. 2d, e lanes 5) . In other experiments we used 22Rv1 cells to test two additional pan-HDACi (i.e., sodium butyrate and pracinostat) and HDAC8i PCI34051 (Supplemental Fig. S3 ). The common denominator of these additional experiments confirmed that the two pan-HDACi effectively decreased AR-V7 or flAR activity (Supplemental Fig. S3c, d ), while PCI34051 did not have any measurable effect (Supplemental Fig. S3a, b) . These experiments suggested that CUDC-101 inhibits flAR and AR-V7 activity by inhibiting class II HDAC isoforms.
HDAC5 and 10 are Involved in Mediating the Effect of CUDC-101 on AR-V7 and flAR Transcriptional Activity
Based on these observations, we used 22Rv1 cells and silenced class II HDAC's (i.e., HDAC4, 5, 6, 7, 9, and 10) individually or in pairs. After silencing, cells were grown for 24 h. in CS-FBS. AR-V7 activity (black bars) was determined as a function of PSA/18S mRNA measured after 6 additional h of vehicle vs. CUDC-101 (300 nM). flAR activity (gray bars) was determined as a function of PSA/18S mRNA measured after 6 additional hours of DHT (2 nM) vs. DHT (2 nM) + CUDC-101 (300 nM). Parallel aliquots were used to verify successful silencing of the various HDAC's by western analysis (insets).
Silencing HDAC4 (Fig. 3a inset) increased AR-V7 and (to a lesser degree) flAR activity (Fig. 3a compare lanes 1 and 5, 3  and 7 ). Under conditions of HDAC4 silencing, CUDC101 exerted similar inhibition of AR-V7 and flAR activity. Figure 3b demonstrates that AR-V7 and flAR activities were not affected when HDAC7 and 9 were silenced (Fig. 3b, inset) , however HDAC6 silencing (Fig. 3b, insets) led to a decreased transcriptional activity of flAR (dotted line), but not AR-V7 (dashed line). Under conditions of HDAC6, 7 or 9 silencing, CUDC-101 exerted similar inhibition of AR-V7 and flAR activity (Fig. 3b) .
In cells where expression of HDAC5 or 10 was individually silenced (Fig. 3c) , there was inhibition of AR-V7 and flAR transcriptional activity ranging between 25 and 30 % (dotted lines). The degree of inhibition of AR-V7 reached 65-70 % when HDAC5 and 10 were silenced simultaneously (Fig. 3d, dotted line) , and was comparable to cells treated with CUDC-101 (Fig. 3d) . These results lead us to the conclusion that AR-V7 and flAR transcriptional activities are, at least in part, modulated by HDAC5 and 10. HDAC1 (a class I HDAC) is known to modulate AR activity by direct interaction [49] and to be recruited to the PSA promoter by androgen stimulation [50] . To determine if HDAC1 played a relevant role in our model, we performed the experiment presented in Supplemental Fig. S4 , and showed that under conditions of HDAC1 silencing there were no changes in AR-V7 or flAR transcriptional activity.
CUDC-101 Interferes With flAR and AR-V7 Transcriptional Activity
CUDC-101 (Fig. 1c, d , e, f) and the specific class II inhibitor MC1568 (Fig. 2c, d , e, f) decreased AR-V7 and flAR protein expression and transcriptional activity. To explore if the mechanism used by CUDC-101 to inhibit flAR and AR-V7 consists in decreased stability of these proteins or direct inhibition of their transcriptional activity, we used 22Rv1 and PC-3-GFP-AR-V7 cells. In 22Rv1 cells treated with the protein synthesis inhibitor cycloheximide, stability of flAR and AR-V7 proteins was unaffected by CUDC101 (Supplemental Fig. S5a ). This suggested that CUDC-101 does not decrease flAR and AR-V7 transcriptional activity by increasing their rate of degradation. PC-3-GFP-AR-V7 is a model where the constitutively active CMV promoter controls AR-V7. Unlike 22Rv1, where AR and AR-V7 expression is under their native promoter, AR-V7 protein expression does not change when PC-3-GFP-AR-V7 are treated with CUDC-101 for 6 and 24 h (Supplemental Fig. S5b ). However, despite constant levels of AR-V7 expression, induction of the luciferase reporter was still inhibited by CUDC-101 in this cell line (Fig. 5c ), suggesting that this drug exerts a direct inhibitory effect on AR-V7 transcriptional activity. Similar results and conclusions were obtained using other cell lines, such as PC-3-GFP-AR-V7 (Supplemental Fig. S2a ), PC-3-GFP-AR (Supplemental Fig. S2i) or LNCaP AR-V7/pLenti (Fig. 1a, b,  Supplemental Fig. S2d) , where the expression of flAR and AR-V7 is driven by the constitutively active CMV (Supplemental Fig. S2a, i) 
Effects of AR-V7 Silencing Compared to CUDC-101 Treatment
Experiments were conducted to determine if AR-V7 silencing or treatment with CUDC-101 had equivalent effects on transcription of PSA mRNA expression and cell proliferation. We used 22Rv1 cells and silenced AR-V7, flAR or both ( In parallel experiments, we used an aliquot of the cells shown in Fig. 4a to determine how AR-V7 silencing affected cell proliferation compared to CUDC-101. AR-V7 silencing (Fig. 4d compare lanes 1 and 3 or 1 and 7) but not first-or second-generation anti-androgens (Fig. 4e) decreased proliferation of 22Rv1 cells in CS-FBS. Interestingly, CUDC-101 was more effective than AR-V7 silencing in decreasing proliferation of 22Rv1 (Fig. 4d  compare lanes 3 vs. 4 or 7 vs. 8), indicating that this compound has other activities, besides inhibiting AR-V7, that result in additional cell growth inhibition. It is known that HDAC inhibitors affect expression of the p21 WAF and other cell cycle regulators [51] . In addition, HDAC6 control siRNA located on the far left of the graph set at 1. Parallel aliquots were used to control for successful silencing of the various HDAC's by western analysis (insets). Asterisks denote statistical significance: *P < 0.05, **P < 0.01, ***P < 0.001. Experiments were performed in triplicate and a minimum of three times inhibition (achieved by CUDC-101, a pan HDAC inhibitor) causes HSP90 hyperacetylation and inactivation, which is followed by loss of maturation, stability, and activity of the several client proteins of this chaperone [52] . Based on this, we treated 22Rv1 cells for 6 h with CUDC101 and showed that at a concentration in which this compound is active (as shown by induction of H3 and tubulin acetylation), it also induces expression of the cell cycle regulator, p21 WAF1 , and repressed expression of the HSP90 client kinase HER2/ NEU (Fig. 4f) .
Taken together these experiments suggest that: (1) CUDC-101 is equally effective as AR-V7 silencing in inhibiting PSA transcriptional output (Fig. 4b) . (2) CUDC-101 is more effective than AR-V7 silencing in decreasing cell proliferation (Fig. 4d) , implying that it has additional activities affecting cell proliferation besides inhibition of AR-V7 activity. (3) It is likely that these differences are related to induction of cell cycle regulators such a p21 WAF1 and in part to inhibition of HSP90 client proteins by CUDC-101 (Fig. 4f) .
Mechanism of Transcriptional Inhibition of AR-V7
The experiments described argue that CUDC-101 inhibits transcription of PSA, the prototypical target mRNA of AR-V7 and flAR. To determine the mechanism involved, we studied by ChIP if CUDC-101 affects assembly of the AR-V7 transcription complex at the level of the PSA enhancer, and investigated 22Rv1 cells grown in CSS using a N-terminal AR antibody. N-terminal AR antibodies do not discriminate between flAR and AR-V7, however one would expect that under conditions of growth in CS-FBS only AR-V7 is recruited at the level of the PSA enhancer. In support of this hypothesis, we performed the experiments shown in Fig. 5a where flAR was silenced (Fig. 5a, right panel) . Under experimental conditions in which DHT was not administered, the amount of AR recovered from the PSA enhancer did not change whether or not flAR had been silenced (Fig. 5a, left panel) . This implied that under control conditions only a carboxyterminally truncated AR reaches the PSA enhancer. 22Rv1 cells contain both AR-V7 and AR-V4 [36] , however the expected AR-V4 band migrating at ∼ 75 kDa was not visualized when we silenced AR-V7 (Fig. 4a lane 2) . This suggested that AR-V4 is either not expressed at a detectable level (Fig. 4a lane 2) or it is expressed at the mRNA level but not translated to a protein in the 22Rv1 cell line used in these studies, and argues that AR-V7 is the predominant AR form recovered from the PSA enhancer in the experiment of Fig. 5a . Based on this, in additional experiments, we studied 22Rv1 cells cultured in CSS in the presence of vehicle or CUDC-101 using the same N-terminal antibody. Figure 5b shows that under Fig. 4 a 22Rv1 cells were transfected with control si-RNA's (si-Control), si-AR-V7 (to silence AR-V7), si-ex-7 (to silence flAR) and si-ex-2 (to silence both AR-V7 and flAR). Aliquots were used for western analysis of flAR, AR-V7 and beta actin. b Aliquots of cells transfected with siControl (1 and 4), si-AR-V7 (2 and 5), si-ex-7 (3 and 6) were seeded, grown in CS-FBS for 24 h and treated with vehicle (1, 2, and 3) or CUDC-101 (4, 5 and 6) for 6 h. Bars ± SE indicate PSA/18S mRNA, with siControl treated with vehicle (lane 1) set at 1. Dotted lined emphasize the difference between 1 (si-Control) and 2 (si-AR-V7), and the lack of difference between 2 (si-AR-V7 treated with vehicle) and 5 (si-AR-V7 treated with CUDC-101). c 22Rv1 cells were seeded and grown for 24 h in CS-FBS. Cells were treated with vehicle, DHT (2 nM), MDV3100 (10 μM), Casodex (10 μM) or CUDC-101 (300 nM) for 24 h. Bars ± SE indicate PSA/18S mRNA with cells treated with DHT set at 1. d Aliquots of the experiment presented in A were seeded and grown in the presence of vehicle or CUDC-101 (300 nM) for 72 h. Bars ± SE indicate OD450 as a marker of cell proliferation. Data are normalized to cells grown in the presence of vehicle and transfected with control siRNA. e. 22Rv1 cells were seeded and grown in CS-FBS for 24 h, and treated with vehicle, MDV3100 (10 μM) or Casodex (10 μM) for 72 h. Bars ± SE indicate OD450. Data are normalized to cells grown under control (vehicle) conditions to 100 %. f. Immunoblot analysis for p21, HER2/NEU, Acetyl-H3, Acetyl alpha tubulin and alpha tubulin. 22Rv1 cells were seeded in CS-FBS for 24 h, and treated with vehicle or CUDC-101 for 6 h. Asterisks denote statistical significance: *P < 0.05, ** P < 0.01, *** P < 0.001 control conditions AR-V7 was recruited by the PSA enhancer and formed a complex together with SRC-1, P300 and RNA Polymerase II. Treatment with CUDC-101 did not alter the recruitment of AR-V7, but recruitment of SRC-1, P300 and RNA Polymerase II was significantly impaired. Because the experiments of Fig. 3c demonstrated that HDAC5 is one of the HDAC isoforms that is associated with AR-V7 transcriptional activity, we investigated by ChIP the consequences of silencing HDAC5 (Fig. 5c, right panel) and found that under these experimental conditions binding of RNA polymerase II to the PSA enhancer was decreased by 43 % (Fig. 5c , left panel). Together, these results indicated that addition of CUDC-101 prevents recruitment of p-300, SRC-1, and RNA polymerase II to AR-V7 at the level of the PSA enhancer, and that this process is partially HDAC-5 dependent. ChIP analysis measuring AR-V7 bound to PSA promoter. NS: denotes statistically non-significant difference when comparing 22Rv1 cells with silenced flAR (siAR-ex7) to control cells (con-siRNA). b 22Rv1 cells were starved in CS-FBS medium. After 24 h cells were treated for 6 h with CUDC101 at the concentrations of 300 nM and harvested. AR, P-300, SRC-1 and RNA pol II binding to the PSA enhancer was measured by ChIP followed by qPCR using AR, RNA polymerase II, p300, SRC-1, and rabbit and mouse immunoglobulin G (IgG) antibodies (all from Santa Cruz). NS: statistically non-significant; **P > 0.01, ***P > 0.001 compared to vehicle treated cells. c 22Rv1 cells underwent experimental manipulation with specific siRNA's to silence HDAC5 or with control siRNA's. Cells were grown in CS-FBS for 24 h and harvested. RNA pol II bound to the PSA enhancer was measured by ChIP followed by qPCR (left panel) using anti Pol II or rabbit IgG antibodies. Right panel Immunoblot analysis for HDAC5 and beta actin demonstrating silencing of HDAC5. **P < 0.01 when comparing 22Rv1 cells with silenced HDAC5 (si-HDAC5) to control cells (con-siRNA) during treatment. There was no difference in weight between the two groups at the outset or at the end of the study (Fig. 6a) , suggesting that the drug did not induce cachexia. A statistically significant reduction in tumor growth was achieved in mice treated with CUDC-101 (p < 0.05) (Fig. 6b) .
Discussion
The discovery that AR reactivation is the main mechanism associated with failure of first generation ADT and progression of PCa to the CRPC phenotype lead to the discovery and subsequent FDA approval of the second-generation drugs abiraterone acetate [5] and enzalutamide [6] . The rise in the PSA level, which may signal AR reactivation, occurs after a median of 8-10 months of treatment with abiraterone or enzalutamide [7] [8] [9] , and has been attributed to a variety of mechanisms including AR or steroidogenic enzyme overexpression [53] , selection of constitutively active AR variants [10, 11, 17, 54] or AR mutations [55] , gain of function mutations of steroidogenic enzymes [56] or activation of pathways shared between GR and AR [57] . The common AR target of first and second-generation drugs is the carboxyl terminal ligand-binding domain (LBD). However, medications targeting the LBD are not expected to antagonize Cterminally truncated AR variants, and only EPI001, an experimental bisphenol A (BPA)-metabolite with promising therapeutic effects, has shown activity against AR-V7 [58, 59] . We report on the ability of CUDC-101 (a commercially available inhibitor of EGFR, HER2/NEU, and of all HDAC isoforms) to inhibit AR-V7, wild-type flAR, and flAR's carrying a variety of point mutations. We identified three mechanisms through which CUDC-101 interferes with flAR and AR-V7 signaling, and they include: (1) Inhibition of HDAC5 and 10 (Fig. 3c, d) . (2) Direct inhibition of flAR and AR-V7 transcriptional activity (Supplemental Fig S5) . (3) Preventing ARV7 from forming an active transcriptional complex on the PSA enhancer (Fig. 5b) .
Known Efficacy of CUDC-101; In Vitro, In Vivo, and Human Data This is the first study describing the ability of CUDC-101 to block at the same time flAR and AR-V7 in a prostate cancer cell line with a phenotype of castration-independence and to inhibit its growth, however this agent has already been the focal point of previous important investigations in cancer research. Following, the initial paper describing its mechanism of action and ability to inhibit growth of several human cancer cell lines and xenografts [19] , additional reports have demonstrated that this agent is effective in suppressing tumor growth. The study of Wang et al. demonstrated that, thanks to its multitargeted mechanism of action, CUDC-101 remains effective against cell lines that have developed resistance to single target EGFR inhibitors [60] . Zhang et al. performed quantitative high-throughput screening of 3282 clinically approved drugs and drugs candidates using in vitro and in vivo experimental models of anaplastic thyroid cancer, and found that CUDC-101 is the most active suppressor of tumor growth and metastasis of this lethal human malignancy [61] . Phase I studies have been conducted with CUDC-101 alone or in combination with chemoradiation. The first study reported that a dose of 275 mg/m 2 in 25 patients with solid tumors was generally well tolerated and showed some antitumor activity [62] . The second study enrolled 12 patients with intermediate or high risk head and neck squamous cell carcinoma (HNSCC) in a trial of CUDC-101 given with chemoradiation, and resulted in a high rate (41 %) of dose-limiting toxicity-independent discontinuation of the drug [63] , suggesting the need for alternate protocols, doses and routes of administration.
The Effect of CUDC-101 on flAR and AR-V7 is Mediated by Histone Deacetylase Activity
Known mechanisms of action of CUDC-101 consist in inhibition of EGFR, HER2/NEU and HDAC signaling [19] . To discover which of these three activities modulates AR-V7 and flAR transcriptional activity, we used pharmacologic and genetic experiments. Using a variety of drugs targeting the EGFR, HER2/NEU, and HDAC signaling pathways, we found that CUDC-101 decreases the transcriptional activity of flAR and AR-V7 by inhibiting class II HDAC's. This did not come as a surprise because molecules involved in AR transcription such as histones [64] , the chaperone HSP90 [65] , and AR itself [66, 67] are known substrates for acetylation/deacetylation. The interaction between AR and HDAC signaling is complex, as demonstrated by contrasting reports suggesting that HDAC inhibition can increase [66, 67] , or decrease [68] [69] [70] [71] AR transcriptional activity or AR-mediated prostate cancer cell growth. This complexity was confirmed in our experiments, where we observed that AR-V7 and flAR activities were inhibited by pan-(CUDC-101, sodium butyrate and pracinostat) or class II (MC 1568) HDACi but were not affected by the specific HDAC8i, PCI34051, or responded differently to the class I HDACi MGCD0103, which induced AR-V7 activity but did not affect flAR. To better understand this complexity, we silenced each class II HDAC and observed a variety of changes on flAR and AR-V7 activation. First: most of the effects of CUDC-101 on flAR and AR-V7 activity were recapitulated by knocking down the expression of HDAC5 and 10. Second: AR-V7 and flAR transcriptional activities were increased in cells with silenced HDAC4. Third: HDAC6 silencing was associated with decreased flAR (but not AR-V7) transcriptional activity. The observation that HDAC5 and 10 modulate AR-V7 and flAR activity is novel. The changes observed in cells with silenced HDAC4 or HDAC6 can be explained based on previous observations: (1) It is known that HDAC4 suppresses flAR transcriptional activity through SUMOylation [72] , hence, when HDAC4 is silenced AR does not undergo SUMOylation and its activity is expected to increase. (2) HDAC6 is a specific HSP90 deacetylase. HDAC6 silencing is expected to lead to HSP90 hyperacetylation, loss of its chaperone activity [52] and expedited proteasome degradation with loss of function of all HSP-90 client proteins, including AR [65] . Unlike flAR, AR-V7 activity was not impaired by HDAC6 silencing (Fig. 3b) . This difference is explainable based on the observation that the C-terminally truncated AR-V7 remains active despite HSP90 inhibition [27, 36] .
Effects of CUDC 101 on Cell Proliferation: AR-Dependent and Independent Mechanisms
CUDC-101 has a complex antineoplastic mechanism of action. As shown in Fig. 4b (compare lanes 2 and 5) , AR-V7 silencing and CUDC-101 treatment were equivalent in their ability to inhibit AR-V7 transcription. In contrast, CUDC-101 treatment affected cell proliferation more than AR-V7 silencing (Fig. 4d, compare lanes 3 and 4, or 7 and 8) . The non-ARdependent mechanisms responsible for slower cellular proliferation have not been thoroughly investigated, however they can be inferred from known activities of CUDC-101 and in part from experiments reported in these studies, which include: (1) Direct inhibition of the receptor tyrosine kinases, HER2 ( Fig. 2g and [19] ) and EGFR [19] , which are both strong inducers of cell proliferation and anti-apoptosis. (2) Inhibition of class I and II HDAC molecules [73] . This effect, which can be achieved by numerous drugs including the pan HDAC inhibitor CUDC-101, leads to increased expression/ activity of the cell cycle inhibitors p21 WAF1 ( Fig. 4f and [74, 75] and p27 KIP [76] ). (3) Inhibition of HDC6. Inhibition of this HDAC isoform leads to HSP90 hyperacetylation, loss of its chaperone activity [52] and accelerated degradation with loss of function of the large family of HSP-90 client proteins (http://www.picard.ch/downloads/Hsp90interactors.pdf), of which HER2/NEU (Fig. 4f) is a member.
Effects of CUDC-101 on Xenograft Growth
22Rv1 formed aggressive xenografts in castrate SCID mice necessitating euthanasia of the control group after only 14 days post-implantation, rather than 4 weeks as originally planned. Despite this, there was an overall delay of xenograft growth (P < 0.05) compared to DMSO-treated animals in mice receiving a daily dose of CUDC-101 (40 μg/kg). The absence of macroscopic abnormalities in animals receiving the drug and the uniformity of weight between groups at the end of the experiment argue that CUDC-101 did not exert systemic toxicity at the concentrations used.
Conclusions
A gene program mediated by the reactivation of flAR, AR-Vs or alternative steroid receptors such as GR puts in motion a downstream signaling pathways leading to CRPC survival and proliferation. This AR-dependent program is paralleled by activation of other oncogenic pathways contributing disease progression by determining growth and survival of the disease [77] . These studies described in this paper indicate that an effective way to defeat prostate cancer consists in developing multi-targeted therapeutic modalities inhibiting not only AR signaling but also other non-AR-dependent oncogenic pathways [29, 78] . Our data are a proof of concept that by virtue of a complex mechanism of action targeting AR and non-AR-dependent signaling pathways, CUDC-101 successfully inhibits in vitro and in vivo growth of a castration resistant prostate cancer cell line.
